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1. Introduction
Succinate: quinone reductases (SQRs) are membrane proteins
that couple the oxidation of succinate to fumarate and the re-
duction of quinone into quinol in aerobic respiration process-
es. They are related to quinol : fumarate oxidoreductases
(QFRs) that catalyze the reverse reaction in anaerobic respira-
tion processes by using fumarate as the terminal electron ac-
ceptor. Both types of enzymes belong to the succinate: qui-
none oxidoreductase (SQOR) superfamily and are also known
as respiratory complex II due to their location within the elec-
tron-transport chain.[1–8] SQORs usually comprise two hydro-
philic subunits A and B, which are highly conserved, and either
one large (C) or two small (C and D) membrane-bound subu-
nits. Succinate binds in the hydrophilic subunit A close to
a flavin adenine dinucleotide (FAD) cofactor, whereas the qui-
none molecule binds in the membrane part of the enzyme. A
chain of three iron–sulfur clusters located in the hydrophilic
part (one each of [2Fe–2S], [4Fe–4S] and [3Fe–4S]) allows the
transfer of electrons between both sites. Depending on the or-
ganism, the number of heme b moieties in the membrane
domain of the enzyme can range from zero to two. The role of
these additional cofactors is still not very clear at present. A
widely accepted classification of SQORs has been established
based on the number of membrane-bound domains and
heme b content. Type B SQORs contain only one membrane
domain, whereas type A, C, D, and E contain two membrane-
bound domains. Type D and E contain zero, type C one, and
type A and B two heme b units in their membrane part. Fully
characterized SQORs include type D QFR from Escherichia coli
(E. coli),[9] type B QFR from Wollinella succinogenes,[10] type C
SQRs from E. coli,[11–13] avian heart,[14] and porcine heart.[15] More
recently, an extensive characterization of a type A SQOR, the
SQR from the extremophile bacterium Thermus thermophilus
(T. thermophilus),[16,17] was reported. This enzyme exhibits atypi-
cal features, including high thermostability and optimum activ-
ity at 70 8C. In its native form, this SQR is found in a trimeric
state and cooperativity between the protomers has been dem-
onstrated at high temperature. A recombinant form of the
enzyme with a His-tag that protrudes into the trimerization
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contact point and prevents oligomerization has been also pre-
pared. This artificially produced monomeric form of T. thermo-
philus SQR also exhibits an increase in turnover between 30
and 70 8C despite an unchanged affinity for succinate.[17] The
methods by which thermophilic proteins achieve thermostabil-
ity have been the subject of various investigations,[18–22] al-
though it has not been discussed in much detail in the case of
SQR from T. thermophilus. From a comparison of the sequences
and structures of several thermophilic proteins with their mes-
ophilic homologues, several factors that contribute to higher
thermal stability have been identified, including 1) a reduction
in mobile surface loops and turns, 2) a strengthening of the
hydrophobic core of the protein, and 3) an increased occur-
rence of internal salt bridges. These structural modifications
either reduce the conformational disorder of the protein or in-
crease the enthalpy difference between their folded and un-
folded states.
The catalytic activity of SQORs can be probed by direct pro-
tein film voltammetry on pyrrolitic graphite electrodes (PGE).
For this approach, it is necessary that the enzymes retain their
native properties upon immobilization and the interfacial elec-
tron transfer between the electrode and the redox-active co-
factors must not be limiting. Reported studies have so far con-
cerned mainly the hydrophilic domains of SQORs, such as suc-
cinate dehydrogenases (SDH) from E. coli[23] and beef heart[24]
and fumarate reductases (FRD) from E. coli[25–27] and Shewanella
frigidimarina.[28] Despite the limited stability of the films over
time and the sometimes low coverage of the electrode with
electroactive enzymes, these systems exhibit an interesting
electrocatalytic behavior. It was observed that immobilized
SDHs or FRDs remain fully active in both the oxidation of succi-
nate and the reduction of fumarate. The activity of SDHs in fu-
marate reduction, however, displays an atypical dependence
on the applied potential. The catalytic current first increases
when the potential is scanned towards cathodic potentials and
then drops significantly at lower potentials (i.e. , higher electro-
chemical driving force). This unusual behavior, which allows for
the differentiation of SDHs from FRDs, is not fully understood
yet. Recently, Kolaj-Robin et al. reported the electrochemical
analysis at relatively high temperature of the full SQOR com-
plex from T. thermophilus immobilized on PGE.[16] This report
prompted us to study and compare the temperature-depen-
dent electrochemical behavior of the full SQR complex from
the mesophilic bacterium E. coli, which is believed to be a func-
tional monomer in solution, and of the recombinant mono-
meric SQR variant from the thermophilic bacterium T. thermo-
philus. Both enzymes share a similar molecular weight
(120 kDa). To optimize the protein coverage on the electrode
surface, we have increased the specific surface area of the elec-
trode by a deposition of single-walled carbon nanotubes
(SWNTs). The mixed SWNTs/protein films were characterized by
using resonance Raman spectroscopy and atomic force micros-
copy (AFM). Fourier transform infrared (FTIR) spectroscopy al-
lowed us to discuss the conformational and secondary struc-
ture alterations in the proteins that occur upon electron trans-
fer and upon heating.
2. Results and Discussion
2.1. Electrochemically Induced FTIR Difference Spectroscopy
Redox-driven changes in the environment of the FAD, heme
groups, and polypeptide backbone and protonation changes
of individual amino acid residues can be determined by FTIR
difference spectroscopy. The oxidized-minus-reduced differ-
ence spectra obtained for E. coli and the monomeric variant of
T. thermophilus SQRs for a potential step from 0.40 to 0.20 V
(vs. SHE) at pH 8 are shown in Figure 1. The positive signals
thus belong to the oxidized state of the protein, whereas the
negative signals are assigned to the reduced state. The pro-
posed attribution of the signals is based on previous studies
on related QFR from E. coli[29] and W. succinogenes,[30,31] and
other FAD-containing proteins[32,33] and heme b-containing pro-
teins.[34,35] The spectra exhibit some obvious similarities, as
could be expected from the similar secondary structure and
cofactor content of both enzymes.
2.1.1. Polypeptide Backbone Contributions
A major differential feature can be seen in both spectra be-
tween 1680 and 1630 cm1, which involve the C=O stretching
vibrations of the polypeptide chain (the so-called amide I
region). These signals are often observed in iron–sulfur pro-
teins and correspond to the reorganization of the backbone
upon electron transfer to the clusters.[29,36, 33] In particular, the
strong negative signal at 1656 cm1 can be attributed to the
predominant contribution of the a-helices, whereas the signals
at 1620 to 1630 cm1 correspond to the b-sheets. Signals be-
tween 1570 and 1520 cm1 (amide II region) include CN
stretching and NH bending vibrations of the polypeptide
backbone.
Figure 1. FTIR difference spectra (oxidized minus reduced) of T. thermophilus
(monomeric variant) and E. coli SQRs at pH 8 for a potential step from 0.4
to 0.2 V.
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2.1.2. Cofactor Contributions
The oxidized FAD cofactor exhibits distinctive signals at 1711
(n(C4=O)), 1673 (n(C2=O)), and 1548 cm
1 (n(C=N)) at pH 8.[32, 33]
The first signal is found at 1711 cm1 in T. thermophilus SQR
and at 1706 cm1 in E. coli SQR, which suggests that the FADs
are in different hydrogen-bond environment in these proteins.
The n(C=N) vibrations of the flavin probably contributes to the
strong signal at 1536 cm1 observed for both proteins. Signals
of the reduced form of the flavin are expected in the 1630 to
1550 cm1 region (n(C=O)/n(C=C modes)), and at 1520 (d(C
H)/d(NH) mode) and 1410 cm1 (isoalloxazine ring reorganiza-
tion). This latter mode probably contributes to the signal ob-
served at 1404 cm1 in the T. thermophilus SQR and at
1398 cm1 in its E. coli counterpart. The heme b porphyrin vi-
brations exhibit a series of signals that also largely overlap
with the amide I and amide II bands. However, the strong
bands observed in the reduced state of heme b-containing
proteins in the 1560 to 1540 cm1 region are usually assigned
to the n37 (CbCb) and n38 (CaCm) skeletal porphyrin modes.
These modes are observed here at 1557 and 1548 cm1 for the
T. thermophilus enzyme and its E. coli counterpart, respectively.
The heme propionates exhibit signals in the 1700 to
1660 cm1 region when protonated and in the 1620 to
1540 cm1 (nas COO
) and 1420 to 1300 cm1 (ns COO
) regions
when deprotonated. These modes, however, are very difficult
to assign unequivocally here because they overlap with the
polypeptide backbone and flavin contributions. They probably
contribute to the positive signals observed at 1591 and
1571 cm1 in the oxidized state of the T. thermophilus enzyme
and at 1586 cm1 in its E. coli homologue.
2.1.3. Individual Amino Acid Contributions
The n(C=O) modes of protonated aspartic and glutamic acid
side chains are expected in the 1800 to 1710 cm1 spectral
range.[37–39] In addition to the band at 1706 cm1 due to the
FAD cofactor, no significantly different signal can be observed
for the E. coli enzyme, whereas a clear signal is observed at
1731 cm1 for the reduced state of the T. thermophilus enzyme.
We can thus conclude that an acidic residue in a highly hydro-
phobic environment is protonated upon reduction of the
enzyme. The deprotonated aspartic and glutamic acid residues
probably also contribute to the bands observed in the 1590 to
1571 cm1 region for the oxidized state and in the 1410 to
1400 cm1 region for the reduced state. Arginines and tyro-
sines are expected to contribute to the signals observed at
1669 and 1515 cm1, respectively. For a summary of tentative
assignments, see Table S1 in the Supporting Information.
2.2. Electrochemistry
2.2.1. Electrode Preparation and Characterization
Carbon nanotubes (CNTs) are considered as promising sup-
ports for the immobilization and electrochemical study of pro-
teins,[40–50] because of their high electrical conductivity[51] and
high specific surface.[52] Membrane proteins in particular
should adsorb easily on the hydrophobic sidewalls of these
carbon nanomaterials. Thus, we have modified a commercial
glassy carbon disk electrode by drop-casting a dispersion of
SWNTs in EtOH/H2O onto it. The electrode was then annealed
at 100 8C for 2 h to improve the stability of the CNT layer. For
protein adsorption, it was necessary to decrease the concentra-
tion of detergent in the samples to less than 0.05%. Adsorp-
tion was then performed by direct incubation of the electrode
surface with the solution of protein overnight at 4 8C. The SQR/
CNT assemblies were characterized by using resonance Raman
spectroscopy (Figure S1 in the Supporting Information). The
CNTs exhibit several bands in the available range that can be
easily identified.[53,54] The strong band at 1580 cm1 (the G
band) corresponds to the tangential vibrations of the carbon
atoms. The low intensity of the band at 1340 cm1 (the D
band) suggests that the carbon sp2 network of the CNTs used
here contains few defects. The signals at 100 to 250 cm1 cor-
respond to the radial breathing modes of the tubes and
depend on the diameters of the tubes. The most prominent
signals are observed at 262, 204, 188, and 158 cm1, which cor-
respond to SWNTs of 0.9, 1.1, 1.2, and 1.5 nm diameter, respec-
tively. The last band at 2670 cm1 (the G’ band) is a second-
order harmonic band that is also dependent on the diameters
of the tubes. Upon immobilization of SQR from T. thermophilus,
characteristic heme marker bands can be observed, including
n3 and n4 at 1493 and 1360 cm
1, respectively.[55–57] The position
of these bands is characteristic of low-spin six-coordinated
hemes. Other characteristic signals are observed at 2935 and
2960 cm1 (n(CH)) and 321 and 346 cm1 (n(FeS)).[58–62]
AFM measurements were performed to characterize the top-
ography of the SQR/SWNT assemblies deposited on a glassy
carbon substrate. The bare glassy carbon substrate has a rough-
ness of (41) nm. After deposition of SWNTs, an increase in
the surface roughness of up to (6312) nm is observed, with
large peaks that extend over almost 200 nm in height and
1 mm in width (Figure 2A). When E. coli and T. thermophilus
SQRs were deposited on SWNTs-coated substrates, the rough-
ness decreased to (2.20.2) nm and (4.30.4) nm, respective-
ly (Figure 2B,C). In the case of E. coli SQR, the topography is
homogeneous and grainy. The SWNTs are completely coated
by the immobilized enzyme. In the case of T. thermophilus SQR,
the profile is similar to that of SWNTs-coated substrate, with
peaks extending over almost 15 nm in height and 1 mm in
width. The enzyme-deposited layer seems to follow the distri-
bution of SWNTs on the substrate, which suggests that a small-
er quantity of enzyme is adsorbed on the nanotubes surface in
this case.
2.2.2. Electrocatalytic Activity
The electrocatalytic activity of the immobilized SQRs was
probed at pH 8 to improve the solubility of sodium succinate
in water. The substrate concentration was maintained at 4 mm,
well above the Km values that was reported to be 71 mm for
the E. coli SQR at 25 8C[63] and about 300 mm for the monomeric
variant of T. thermophilus SQR at 30 and 70 8C.[17] Under these
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conditions, the bare CNT electrode does not show any signal
(see Figure 3). Both enzymes, however, exhibit a catalytic
signal in the presence of succi-
nate at 20 8C when immobilized
on the CNTs surface. The catalyt-
ic potentials are observed at
0.00 and 0.04 V for the T. thermo-
philus and E. coli SQRs, respec-
tively, and are thus close to the
midpoint potential of the succi-
nate/fumarate couple (0.03 V
at pH 8). Comparison of the cat-
alytic currents clearly shows that
the electrodes modified with the
T. thermophilus SQR are more ef-
ficient at succinate oxidation
than those modified with the
E. coli SQR. This observation was
not expected because both the
surface coverage (see AFM
study) and the turnover rates in
solution are more favorable for
the E. coli enzyme. The kinetic
constants indeed were reported
to be 6100 (5%) and 760 (
1%)min1 at 30 8C for the
E. coli[64] and T. thermophilus[17]
SQRs, respectively. A significant
fraction of the immobilized
E. coli SQRs thus seem to be
electrochemically inactive, either
because they are not properly
oriented on the surface or be-
cause they are denatured. Previ-
ous studies with soluble frag-
ments of E. coli SQRs and QFRs
often mentioned the low stabili-
ty of the protein films.[25,23] De-
crease in the protein concentration or incubation time does
not lead to better electrochemical signals (see Figure S2). Inter-
estingly, the T. thermophilus enzyme also exhibits a small peak
on the reverse scan at 0.07 V, which can be attributed to the
reaction with fumarate produced on the forward scan and
trapped in the CNTs matrix.
2.2.3. Temperature Dependence
The influence of temperature on the electrocatalytic properties
of the immobilized enzymes is shown in Figure 4. In the case
of E. coli (A), a threefold increase in the catalytic current is ob-
served between 10 and 30 8C. Between 30 and 40 8C, the activi-
ty remains almost stable but then decreases rapidly at higher
temperatures. These results are consistent with the optimum
temperature growth of E. coli, which is 37 8C. For T. thermophi-
lus, in contrast, a dramatic increase in activity is observed be-
tween 10 and 60 8C. The maximum current at 60 8C is approxi-
mately 10 times of that measured at 10 8C and remains stable
even after incubation of the electrode at 60 8C for 30 min.
Upon further increase in temperature, the activity eventually
Figure 2. Topography (left) and profilometric section (right) obtained by using AFM in contact mode and dry con-
ditions for A) SWNTs-coated glassy carbon substrates, B) E. coli SQR deposited on SWNTs-coated glassy carbon sub-
strates, and C) T. thermophilus SQR deposited on SWNTs-coated glassy carbon substrates.
Figure 3. Cyclic voltammetry of SQR from E. coli (solid grey trace) and T. ther-
mophilus (solid black trace) immobilized on SWNTs-modified glassy carbon
electrodes in phosphate buffer (pH 8) that contained sodium succinate
(4 mm) at 20 8C. Scan rate: 2 mVs1.
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decreases. As compared with studies in solution, which report-
ed peak activity at 70 8C close to the optimum temperature
growth of the enzyme,[17] SQR from T. thermophilus only exhib-
its a slight decrease in thermostability when immobilized on
the CNTs surface. The temperature-dependent activity of both
enzymes can, therefore, be reproduced quite accurately after
immobilization on these carbon nanomaterials.
2.3. Temperature-Dependent FTIR Spectroscopy
The structural and conformational changes occurring in the en-
zymes upon an increase in temperature were monitored by
FTIR spectroscopy. The most relevant band for this study is the
so-called amide I band in the range of 1700 to 1600 cm1,
which for 80% involves the n(C=O) modes of the polypeptide
backbone.[65–68,39] Because water also exhibits a strong contri-
bution in this region, the studies were performed in deuterat-
ed water. Upon exchanging H2O for D2O, deuteration of the
protein occurs. The extent of deuteration can be followed by
looking at the residual amide II band between 1600 and
1500 cm1. This band derives from the in-plane NH bending
vibrations coupled to the n(CN) stretching vibrations and is
shifted to 1450 cm1 upon deuteration.
At 10 8C, the amide I band of the E. coli SQR (see Figure 5
and Figure S5) exhibits a maximum absorbance at 1653 cm1,
which is consistent with the predominant contribution of the
a-helices in this enzyme. This is confirmed by the distribution
of secondary-structure elements, which can be obtained after
deconvolution of the band (see Table 1). Only minor changes
are observed in the amide I region between 10 and 50 8C.
Small conformational reorganizations that provide a better
access to the protein inner core by D2O probably occur, as sug-
gested by the decrease in the residual amide II band (see Fig-
ure S3). Above 50 8C, however, the maximum absorbance of
the amide I band shifts to lower wavenumbers and a shoulder
appears at 1620 cm1. This band is usually observed when ex-
tended structures are produced after protein denaturation and
aggregation.[69–71] At 80 8C the amide I band is centered at
1645 cm1 and the secondary structure analysis reveals a signifi-
cant decrease in the contributions of a-helices concomitant
with an increase in the contribution of b-sheets and random
structures. At this temperature, the amide II band is also com-
pletely lost. The E. coli enzyme thus undergoes a major struc-
tural change above 50 8C that provides full access of the sol-
vent to the protein core. The decrease in activity observed at
50 8C correlates well with this structural alteration of the pro-
tein.
The T. thermophilus SQR exhibits a predominant contribution
from a-helices as well (see Figure 6 and Table 1). The distribu-
tion of secondary-structure elements obtained for this enzyme
at 10 8C is consistent with a previous circular dichroism
study.[17] Interestingly, the contribution of turns seems smaller
for this protein than for its E. coli homologue. The reduction in
exposed turns decreases the conformational disorder of the
protein and thus contributes to the higher thermal stability of
the protein.[72] In contrast with the E. coli enzyme, no major
changes are observed in the amide I region in all the available
thermal range (10–80 8C). The secondary-structure elements of
the enzyme at 10 8C are indeed almost conserved at 80 8C. The
amide II band (see Figure S4) continuously decreases between
10 and 80 8C, which suggests that small conformational
changes are occurring, but in contrast to the E. coli enzyme
this band does not completely disappear at 80 8C. Therefore,
even at 80 8C, a hydrophobic core not accessible to D2O still re-
mains in the T. thermophilus protein. As compared with the
E. coli enzyme, the T. thermophilus SQR clearly exhibits a stron-
ger hydrophobic core, which also contributes to the higher
thermal stability of this enzyme.
3. Conclusions
Immobilization of full SQR complexes on CNTs modified elec-
trodes allowed us to study their temperature-dependent elec-
trocatalytic activity. In the case of E. coli an optimum of activity
was observed between 30 and 40 8C whereas for T. thermophi-
lus, activity increases up to 60 8C and then decreases at higher
temperatures. These results are consistent with the optimal
growth temperatures of 37 and 70 8C for E. coli and T. thermo-
philus,[73] respectively. The electrochemical studies also showed
Figure 4. Temperature-dependent cyclic voltammetry of SQR from A) E. coli
and B) T. thermophilus immobilized on SWNTs-modified electrodes in phos-
phate buffer (pH 8) that contained sodium succinate (4 mm). Scan rate:
2 mVs1
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that the immobilized T. thermophilus enzyme is more efficient
at succinate oxidation than E. coli SQR.
The redox-induced FTIR difference spectroscopy reveals the
contribution of the cofactors, of the polypeptide backbone,
and of several specific residues of both enzymes. It was ob-
served that the FAD is in a more hydrophobic environment in
the T. thermophilus enzyme than in its E. coli homologue, and
that an acidic residue in a highly hydrophobic environment is
protonated upon reduction. This core might play a role in pro-
tecting the FAD at high temperatures. These observations sug-
gest a higher hydrophobicity of the catalytic center of the
T. thermophilus enzyme.
The temperature-dependent
FTIR study clearly demonstrates
the denaturation and aggrega-
tion of the E. coli SQR at temper-
atures above 50 8C, which corre-
lates well with the decrease in
activity observed for this enzyme
at this temperature. The T. ther-
mophilus homologue, in con-
trast, does not exhibit any major
structural changes at tempera-
tures up to 80 8C. Only minor
conformational changes that
result in a partial opening of the
protein to the solvent occur. De-
spite these internal movements,
a hydrophobic core still remains
in this protein at 80 8C. Thermo-
stability in this enzyme thus
seems to result from both a re-
duction in the number of turns
and a stronger hydrophobic
core.
Experimental Section
Protein Expression and
Purification
The SQOR from E. coli[13] and the
monomeric His-tagged variant of
SQOR from T. thermophilus[17] were
purified as previously reported.
Electrode Preparation
A commercial glassy carbon disk electrode (3 mm diameter) was
polished to a mirror-like finish with 4 mm diamond paste and soni-
cated in water and absolute ethanol. Then a dispersion of SWNTs
in EtOH/water mixture (10 mL) was deposited on the electrode sur-
face and allowed to dry under air. Two more deposits of SWNTs
were made. The electrode was then heated at 100 8C for 2 h and
cooled to RT. Prior to adsorption, the stock solutions of detergent-
solubilized protein were washed with phosphate buffer solution
(50 mm, pH 8) without detergent in a 100 kDa centrifugal filter
unit. The electrode surface was incubated overnight at 4 8C with
the protein solution (4 mL). The electrode was finally rinsed with
fresh buffer to remove excess protein.
Characterization with Raman Spectroscopy
The adsorption of the protein on the SWNTs was followed by
Raman spectroscopy by using a Renishaw Invia Raman Microscope
operating at l=514 nm. The dispersion of SWNTs was deposited
on a CaF2 window and allowed to dry before addition of the pro-
tein solution (6 mL). The excess of protein was then removed by
gentle rinsing with fresh buffer. Typically, five spectra obtained
with 15 s irradiation time and 25 mW laser power were averaged.
AFM was performed by using a Veeco Multimode Nanoscope V
(Brucker) to characterize the topography of the coated electrodes.
Figure 5. Temperature-dependent FTIR spectra of A) E. coli SQR obtained at pD 8 and deconvolution of the band
at B) 10 and C) 80 8C.
Table 1. Secondary-structure analysis of the E. coli and T. thermophilus
SQRs at 10 and 80 8C.
SQR T
[8C]
a-helix
[%][a]
b-sheets
+random [%][b]
Turns
[%][c]
E. coli 10
80
49
32
37
55
14
13
T. thermophilus 10
80
52
51
37
38
11
11
[a] 1648–1658 cm1. [b] 1620–1640 cm1. [c] 1665–1690 cm1.
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The images were obtained in contact mode in dry conditions by
using a silicon nitride cantilever with a spring constant of 0.6 Nm1
(model MSCT-AUHW, Veeco, CA). Deflection and height mode
images were scanned simultaneously at a fixed scan rate (1 Hz)
with a resolution of 512512 pixels. The average roughness of the
deposited films, which corresponds to the root-mean-square
values given by the Nanoscope software, was determined from
five different areas of 55 mm2.
Electrochemical Studies
Cyclic voltammetry measurements were performed by using a stan-
dard three-electrode cell connected to a Princeton Applied Re-
search VERSASTAT 4 potentiostat. An aqueous AgCl/Ag 3m NaCl
electrode was used as the reference electrode and a platinum wire
as the counter electrode. The voltammograms were obtained at
different temperatures in Ar-flushed phosphate buffer solution
(50 mm, pH 8) that contained sodium succinate (4 mm). The poten-
tials are quoted versus the standard reference electrode.
Electrochemically Induced FTIR Difference Spectroscopy
FTIR difference spectra were recorded at 10 8C as a function of the
applied potential in an optically transparent thin layer electro-
chemical cell described previously.[74] A gold grid served as the
working electrode. To accelerate the redox reaction, 16 different
mediators were added at a final concentration of 15 mm.[29] The cell
was placed in the sample compart-
ment of a Vertex 70 FTIR spectrom-
eter from Bruker. The measure-
ments were performed in the mid-
infrared domain by using a globar
source and a KBr beamsplitter.
First, the protein was equilibrated
at 0.40 V vs. SHE for 5 min and
a single-beam spectrum was re-
corded. Then a potential of 0.20 V
was applied and a single-beam
spectrum was again recorded after
5 min. Difference spectra were cal-
culated from two single-beam
spectra with the initial spectrum
taken as reference. Typically, 256
interferograms at 4 cm1 resolution
were co-added for each single-
beam spectrum and Fourier trans-
formed by using triangular apodi-
zation and a zero-filling factor of 2;
20–30 difference spectra were
averaged.
Temperature-Dependent FTIR
Spectroscopy
Prior to measurements, H2O-to-
D2O exchange was performed by
washing the protein sample three
times with phosphate buffer in
D2O (pD 8) on a microcon. The
protein was then equilibrated for
a few hours in phosphate buffer
(pD 8) at 5 8C to let deuteration of
the protein occur. Then the protein
solution in D2O (3 mL) was placed between two CaF2 windows in
the sample compartment of a Vertex 70 spectrometer (Bruker). The
temperature was adjusted with a thermostat. An equilibrium time
of 20 min was chosen. Typically, 256 scans at a resolution of 4 cm1
were averaged. The final spectra were corrected from the contribu-
tion of humidity and smoothed to 5 points.
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